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Superconducting flux qubits are a promising candidate for realizing quantum information processing and
quantum simulations. Such devices behave like artificial atoms, with the advantage that one can easily tune
the “atoms” internal properties. Here, by harnessing this flexibility, we propose a technique to minimize the
inhomogeneous broadening of a large ensemble of flux qubits by tuning only the external flux. In addition, as
an example of many-body physics in such an ensemble, we show how to observe superradiance, and its quadratic
scaling with ensemble size, using a tailored microwave control pulse that takes advantage of the inhomogeneous
broadening itself to excite only a sub-ensemble of the qubits. Our scheme opens up an approach to using
superconducting circuits to explore the properties of quantum many-body systems.
I. INTRODUCTION
Superconducting flux qubits (FQ) are a unique quantum
technology which allow for a high degree of controllability
[1–3]. With such devices high-fidelity gate operations have
already been implemented [4] and quantum non-demolition
measurements have been realized using Josephson bifurcation
amplifiers. Moreover, since superconducting FQs behave as
controllable artificial atoms, it is possible to design circuits to
reach regimes typically inaccessible with real atoms [5–7].
As well as featuring high-controllability, flux qubits are at-
tractive because it is possible to fabricate an array of FQs on
the same chip [8]. Coupling such an array of many supercon-
ducting FQs to a common cavity (see Fig. 1 for a schematic) is
important both for a range of quantum information processing
tasks and for the study of quantum many-body physics [9, 10],
like quantum phase transitions [11–15]. In addition, an array
of superconducting FQs could be used as a quantum metama-
terial to control the propagation of microwaves [16–19]. Such
a device also allows for the possibility of generating multi-
particle entanglement between the FQs via the cavity, with
the potential to employ this entanglement to improve the sen-
sitivity of measurements [20–23].
One obstacle to such applications with an ensemble of FQs
is the inhomogeneity of the FQ energies. In the context of
strong coupling to a cavity, this can be overcome to some de-
gree by using the superradiance principle [19, 24, 25]; if N
qubits are collectively coupled with a microwave cavity, the
coupling strength is enhanced by
√
N , as long as the collec-
tive coupling strength is larger than the inhomogeneous width
[26–41]. Recently, by using this principle, coupling between
4300 superconducting flux qubits and a microwave resonator
has been demonstrated [8]. In this experiment, spectroscopic
measurements were performed by detecting the transmitted
photon intensity of the resonator, and a large dispersive shift
of 250 MHz has been observed. This already indicates a col-
lective behavior involving thousands of FQs.
In this paper, we discuss how the intrinsic inhomogeneity
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FIG. 1. (Color online) Schematic of a potential flux qubit ensem-
ble system. We estimate upto 4300 FQs can be coupled with a mi-
crowave cavity. One may characterize this system by measuring the
transmission through the cavity.
can be reduced by a globally applied external field, an effect
which we will show to be a direct consequence of the corre-
lation between the tunneling energy and persistent current in
FQs. In addition, we show how, as one of the potential appli-
cations of this device, one can observe superradiant emission
from such an ensemble via the microwave cavity. Superradi-
ance is the fascinating phenomena whereby an ensemble of
atoms interacting with a common cavity or environment emits
photons in a fast, collective, superradiant burst, due to correla-
tions between atomic decay events. For this type of superradi-
ance, the loss rate of the cavity needs to be larger than the col-
lective coupling of the ensemble with the cavity mode, while
the collective coupling strength should be much larger than
the inhomogeneous width of the FQ ensemble. The observa-
tion of superradiance provides a direct signal of the collective
coupling between the ensemble and the common field.
To date superradiance has been observed in various many-
particle systems [42–46]. In addition, there are some exper-
imental demonstrations of superradiance with only small en-
sembles of engineered quantum systems [47–51]. Typically
the observation of this superradiant burst requires the careful
preparation of all the atoms in their excited states, and the sub-
sequent observation of the time-dependent photonic intensity
(though steady-state driven superradiance can also occur un-
der the right conditions [52]). In the latter half of this article
we show theoretically that we can prepare the ensemble of
FQs with a common drive, and see not only the typical large
intensity superradiance emission pulse, but also the N2 scal-
ing of that pulse, without local control of each qubit.
This paper is organized as follows. Firstly, we review the
ar
X
iv
:1
61
1.
07
10
4v
1 
 [q
ua
nt-
ph
]  
21
 N
ov
 20
16
2recent experimental spectroscopic measurements to explain
the standard properties of the system. Secondly, we intro-
duce a scheme to suppress the inhomogeneous broadening of
the FQs, which is crucial to observe superradiance and other
many-body properties of such a system. Finally, we present
numerical results showing how collective driving of the en-
semble can selectively excite the ensemble, allowing us to di-
rectly observe the N2 superradiant emission.
II. SPECTROSCOPIC MEASUREMENTS
The first experimental test one could make to validate a cou-
pling between the ensemble and the cavity is to look for vac-
uum Rabi splitting or frequency shift in spectroscopic mea-
surements. In a recent experiment, spectroscopic measure-
ments of the microwave resonator coupled with 4300 FQs [8]
showed a large dispersive frequency shift, in the spectrum of
the cavity, of the order of 250 MHz. Although similar sig-
nals of collective behavior have been observed in many other
systems [46, 53, 54], for a system composed of a large FQ en-
semble and a microwave resonator, this is the first strong sig-
nature of a large collective coupling [8]. There, the coupling
strength between a single FQ and the resonator was estimated
to be around 15 MHz, and the inhomogeneous width of the
FQ frequency was between 2 and 3 GHz. Interestingly, even
if there is an inhomogeneous width of a few GHz, a clear dis-
persive frequency shift can be observed, because the collective
coupling strength (
√
Ng ' 1 GHz) is comparable with the in-
homogeneous width. It is worth mentioning that, in principle,
one can increase this coupling strength by using a Josephson
junction as a coupler [5], and so one could achieve the ultra-
strong coupling regime [? ? ] with this system where
√
Ng
is both much larger than the inhomogeneous width and of the
order of the flux qubit and cavity energies themselves.
III. SUPPRESSION OF THE INHOMOGENEOUS
BROADENING
To observe superradiance in such an ensemble, the collec-
tive coupling strength
√
Ng should be larger than the vari-
ance of the frequency distribution of the FQs. Moreover, to
invert the FQs using a global microwave control, the Rabi fre-
quency of the FQs should also be larger than the inhomoge-
neous width, as we will describe later. However, from the
direct parameters estimated in [8], it is difficult to satisfy such
conditions.
To solve these problems, we propose here an approach to
suppress the inhomogeneous broadening of the FQs by ap-
plying an external magnetic flux. The inhomogeneous broad-
ening of the FQ energies comes from the non-uniform size
of the Josephson junctions, which are very sensitive to small
changes in fabrication conditions. We have investigated how
the non-uniform Josephson junctions affect the relevant pa-
rameters of the FQs, and have found that the variation of the
size of the Josephson junctions induces a correlated distribu-
tion between the persistent current and tunneling energy of
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FIG. 2. (Color online) The potential of the flux qubit. We setα = 0.7
and f = 0.5. There are two minima separated by an energy barrier.
(a) The density plot of the potential. (b) A plot of the potential against
φm for φp = 0.
the FQs in the ensemble. Interestingly, due to this correla-
tion, the inhomogeneous width of the frequencies of the FQs
has a strong dependence on the applied magnetic flux, and
so there exists the possibility of choosing an optimal applied
magnetic flux to suppress this broadening. We predict this
property could be useful to design more uniform ensembles
of quantum devices, thus allowing us to observe interesting
quantum many-body phenomena, such as superradiance.
To investigate how the non-uniform Josephson junctions af-
fect the frequency distributions of a FQ, we consider the La-
grangian of a FQ with three Josephson junctions
L = T − U (1)
U =
3∑
j=1
Φ0
2pi
IjC [1− cos(φj ]) (2)
T =
3∑
j=1
1
2
Cj
(
Φ0
2pi
)2
φ˙j
2
(3)
where U is the potential energy, T is the kinetic energy, φj
(j = 1, 2, 3) is the phase difference between the junctions,
Cj is the the Josephson junction capacitance, I
j
C is the critical
current, Φext is the external magnetic flux, and Φ0 = ~/2e
is the magnetic flux quantum. The phases φj (j = 1, 2, 3)
are bounded by a condition of φ1 − φ2 + φ3 = 2pif with
f = Φext/Φ0. Cj and I
j
C have a linear dependence on the
size of the junction. Here, the potential is given by U/EJ =
2 + α − cos(φp + φm) − cos(φp − φm) − αcos(2pif − 2φm)
where we set I1C = I
2
C = IC, I
3
C = αIC, φp = (φ1 + φ2)/2,
and φm = (φ1 − φ2)/2. If we set φp = 0 and f = 0.5, we
have dUdf = 2EJ sinφm(1 − 2α cosφm), and so the potential
shows minima for ±φ∗m, where cosφ∗m = 1/(2α). We plot
this potential in Fig. 2. By solving the Lagrangian, we can
calculate the tunneling energy and persistent current [55]. We
set EJ/Ec = 75 for our simulations, where E
(j)
J =
Φ0
2pi I
j
C
(Ec = e2/2Cj) is the characteristic scale of the Josephson
(electric) energy.
Usually, the size of one of the three junctions is designed to
be α times smaller than the other two junctions [55]. However,
with current technology it is difficult to fabricate homogenous
junctions, and this results in a random distribution of the tun-
neling energy and the persistent current. We assume a Gaus-
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FIG. 3. (Color online) The probability density of the tunneling en-
ergies of the flux qubits when the size of the Josephson junctions
are non-uniform. There are three Josephson junctions in the super-
conducting circuit, and the size of one Josephson junction is de-
signed to be smaller than the size of the other two junctions. We
assume a Gaussian distribution for normalized areas of the smaller
junction (two larger junctions) where we have the mean value of
α¯ = 0.7 (β¯k = 1 for k = 1, 2) and the standard deviation of σS
(σ(k)L for k = 1, 2). We set the parameters as σS/α¯ = σ
(1)
L /β¯ =
σ
(2)
L /β¯ = 0.5 %, 1 %, 2 % respectively, and obtain the values of
∆j (j = 1, 2, · · · , N ) from numerical simulations. To plot the
density of the tunneling energy, we use a kernel density estima-
tor
∑N
j=1 K(
∆−∆j
h
), where we set K(x) = 1√
2pi
exp
(− 1
2
x2
)
,
N = 10000, and h = 0.1 GHz.
sian distribution for the normalized areas of the smaller junc-
tion (two larger junctions), where we have the mean value of
α¯ (β¯k for k = 1, 2) and the standard deviation of σS (σ
(k)
L for
k = 1, 2).
Firstly, in Fig. 3 we plot the distribution of the tunneling en-
ergies of the FQ. This confirms that the non-uniform Joseph-
son junctions affect the random distribution of the tunneling
energy. As expected, as we increase the width of the distribu-
tion of the Josephson junction size, the width of the tunneling
energy distribution also increases.
Secondly, we plot the distribution of the persistent current
and tunneling energy given by the non-uniform Josephson
junctions in Fig. 4. We randomly generate the values of the
Josephson junction size, and calculate the resulting tunneling
energy and persistent current. This result clearly show a cor-
relation between the tunneling energy and persistent current
where a FQ with a higher tunneling energy tends to have a
lower persistent current. We can qualitatively explain this cor-
relation as follows. As we increase the value of α, the poten-
tial gradient dUdf ' 2piEJ
[
1− 1(2α)2
]1/2
becomes larger for
φp ' 0, φm ' φ∗m, and f ' 0.5. A larger potential gradient
makes the energy of the FQ more sensitive to the change in
the applied magnetic flux, which corresponds to a higher per-
sistent current. On the other hand, as we increase the value of
α, the tunneling barrier Et = U(φm = 0) − U(φm = φ∗m) =
EJ(−2 + 2α + 12α ) becomes larger for φp ' 0, φm ' φ∗m,
α ' 0.7, and f ' 0.5. The larger tunneling barrier suppresses
the tunneling energy of the FQ. Therefore, if the persistent
current becomes larger, the tunneling energy is expected to be
smaller, which is consistent with our numerical simulations.
Moreover, it is worth mentioning that a similar model was
used to reproduce the experimental results in [8] where spec-
troscopy of a microwave resonator coupled to 4300 FQs was
performed and good agreement between numerical and ex-
perimental results was observed [8]. In that experiment, the
standard deviation of the Josephson junction size is around a
few percent, which corresponds to the yellow region in Fig. 4.
FIG. 4. (Color online) The persistent currents and tunneling ener-
gies of FQs with random-size Josephson junctions. We set the same
parameters as in Fig. 3. There is a clear correlation between the
tunneling energy ∆ and persistent current Ip.
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FIG. 5. (Color online) The standard deviation of the distribution of
the flux qubit frequencies versus the applied magnetic flux. We set
the same parameters as in Fig. 3. The standard deviation strongly
depends on the applied magnetic flux.
Thirdly, in Fig. 5 we plot the standard deviation of the
FQ frequency distribution against an applied magnetic field.
Interestingly, these results show that the standard deviation
of the frequency distribution strongly depends on the applied
magnetic flux; there exists an optimal point where the stan-
dard deviation of the flux qubit frequency becomes minimum.
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FIG. 6. Energies of two flux qubits (A and B), with different size
junctions, as a function of an applied magnetic field. The flux qubit
energy is represented by ωj =
√
|j |2 + |∆(t)j |2 for j = 2Ij(Φext−
1
2
Φ0) where Φext denotes the applied magnetic flux. Flux qubit A has
a smaller (larger) tunneling energy (persistent current) than B. In this
case, we can make the frequency of the qubits the same by applying
an appropriate amount of the applied magnetic flux.
The width of the distribution becomes one or two orders of
magnitude smaller at the optimal point than elsewhere. This
can be understood as a consequence of the correlation between
the tunneling energy and the persistent current, as shown in
Fig. 6.
To illustrate this idea, let us consider a pair of flux qubits
with different junction sizes. The FQ energy is given by
ωj =
√
|j |2 + |∆(t)j |2, for j = 2Ij(Φext − 12Φ0) (j = 1, 2),
and we can assume ∆(t)1 > ∆
(t)
2 without loss of generality. In-
terestingly, when I1 < I2, which is the expected statistical
relationship given ∆1 > ∆2, we can show that there exists
an optimal flux such that ω1 = ω2 is satisfied. So we can
balance the two flux qubit energies just by applying a global
magnetic flux. This means that, even if we have several qubits
with different-size Josephson junctions, if there is a correla-
tion such that a smaller persistent current Ij tends to increase
the tunneling energy ∆(t)j , we can make the frequency of these
qubits similar by tuning an external magnetic flux, as shown
in Fig. 4.
IV. SUPERRADIANCE
To illustrate how such an ensemble with a reduced inhomo-
geneous width can lead to observable collective effects, we
numerically simulate [56, 57] a small ensemble with an ex-
plicit inhomogeneity. We also show how this residual inho-
mogeneity can be used as a tool to aid initial-state prepara-
tion. We explicitly model N = 10 FQs, with inhomogeneous
normally-distributed energies ωj with mean value ω¯j and vari-
ance δωj . These qubits are coupled to a single common mi-
crowave cavity of frequency ωc with a common homogenous
coupling strength g. The general Hamiltonian for such a sys-
FIG. 7. (a) Maximum (over time) emitted intensity versus number
of initially-excited qubits M . For discrete M (green solid curve) we
artificially prepare a subset M of the total ensemble of N qubits in
their excited states. In the other case (purple dashed line), at t = 0
we prepare all qubits in their ground state and then evolve with the
Hamiltonian Hdrive(t) switched on, with a Gaussian function enve-
lope λ(t), as described in the main text. We then switch off the driv-
ing and allow the system to evolve under the influence of Eq. (10),
and record the maximum emitted intensity over a time period ex-
ceeding the expected superradiant pulse duration. We do this for a
range of λmax, which induce an effective number M of qubits to be-
come excited. For the other parameters we set ω¯j = ωc, δωj = 25
MHz, g = 50 MHz, κ = 400 MHz, N = 10, so as to give a value
for α˜ > 1 as M becomes greater than 4. Panel (b) shows the loga-
rithmic intensity, which changes from linear to quadratic behavior as
M passes this M = 4 threshold (the gray dotted line is an artificial
linear comparison curve, while the orange dotted line is an artificial
quadratic comparison curve, to show this change clearly). Panel (c)
shows the explicit λmax values used in the Gaussian drive, and the
associated number of excited spinsM in the ensemble after the drive
has been applied. Panel (d) shows the explicit time-dependent curves
of intensity for different values ofM , increasing from the bottom up,
starting with M = 1 to 10, from which the green dotted-dashed line
in figure (a) is extracted. The change from normal to superradiant
emission around M = 4 is clear. Similarly, panel (e) shows the
same curves for the driven state preparation example. Note that all
curves are averaged over a large set of randomly-generated ensemble
energies.
tem reads,
H =
N∑
j=1
ωj
2
σ(j)z + ωca
†a+ g
(
J−a† + J+a
)
, (4)
5where J+ =
∑
j σ
(j)
+ , J− =
∑
j σ
(j)
− , and we have set ~ = 1
for simplicity. In general we assume that the cavity decay,
with rate κ, is given by a Lindblad superoperator κD[a], where
D[a] = 2aρa† − a†aρ− ρa†a.
To begin with, we eliminate the cavity [58, 59], assuming
the bad-cavity limit: κ  δωj , g2N/κ (superradiance is also
possible in the dispersive good-cavity limit, see Appendix A).
In this bad-cavity case the equation of motion is reduced to
the following form
HAE =
N∑
j=1
ωj − ω¯j
2
σ(j)z + (ωc − ω¯j)
g2
Γ2
J+J− (5)
where Γ = κ+ i(ωc− ω¯j). There also arises a new loss term,
S[ρ] = κ g2Γ2D[J−]ρ. It is this term that induces the superra-
diance phenomena, and we expect to observe such superradi-
ance when δωj  g2N/κ.
Even though the cavity is eliminated, one can estimate the
intensity of the radiation emitted from the qubits from the
squared atomic polarization [58],
I(t) =
2g2
κ
ωc〈J+(t)J−(t)〉. (6)
Typically the intensity grows with time, reaches a maximum
at the peak superradiance time τsr = κ/g2N and then decays.
The uccessful observation of this pulse requires that the co-
herence time of the qubits is longer than the expected peak
superradiance time. Assuming dephasing is dominated by the
inhomogeneity of the energies of the FQs, we can assess the
visibility of superradiance via the parameter α˜ = T ∗2 /τsr =
Ng2/κδωj where T ∗2 is the inhomogeneous dephasing time.
In addition to the qubits being inhomogeneous, the direct
control of individual qubits is challenging. However, we can
consider collective ways in which to prepare spin-polarized
states, which we can be used to observe superradiance. In
particular, by strongly driving the cavity, or using another
common control line, as per Fig. 1, we can induce a time-
dependent collective control term, such that the dynamics of
the qubits can be written as,
Hdrive =
N∑
j=1
ωj
2
σ(j)z + λ(t) cos(ωdt)
∑
j
σ(j)x , (7)
H ′drive ≈
N∑
j=1
∆′j
2
σ(j)z +
λ(t)
2
∑
j
σ(j)x , (8)
where in the second equation we moved to a frame rotating
at the drive frequency, such that ∆′j = ωj − ωd, and made a
rotating-wave approximation. Later we will choose the drive
to be resonant with the average value of the qubit energies
ωd = ω¯j . If we consider just a single qubit, initially in its
ground state, we know that if we apply a drive of strength λ for
a period Tpi = pi/λ we will find that the spin has a probability
of being in its excited state:
Pexc =
λ2
∆′2j + λ2
, (9)
Extending this notion to N spins we expect that we will
have an effective excited number of spinsMeff =
∑
j
λ2
∆′2j +λ2
.
Thus, simply changing the magnitude of λ enables us to effec-
tively control the number of spins contributing to the super-
radiance emission (up to the limit of validity of the rotating
wave approximation). In addition, one can also control the
shape of the envelope of the drive, λ(t). While Pexc and Meff
only apply for a step-function envelope, they provide a use-
ful estimate. In practise we found that a Gaussian function
for λ(t) worked best in preparing the desired initial state, and
thus only show that example here. In principle one can also
use more sophisticated techniques from quantum control the-
ory to prepare the desired state [60? , 61].
Importantly, when we need to excite most of the qubit en-
semble, the drive, or Rabi frequency, λ should be as large or
larger than the inhomogeneous width. Although it is possible
to achieve a Rabi frequency of a few GHz [62] for a single
FQ, it is not straightforward to realize such a strong driving
condition for a large ensemble. For this reason, it is crucial to
decrease the width of the inhomogeneous broadening of the
FQs, by, for example, applying a magnetic flux, as described
earlier. This will allow us to both excite the ensemble with
moderate values of λ, and observe superradiance with accesi-
ble values of g.
To obtain numerical results we solve the master equation
for all N qubits explicitly by generating a random ensem-
ble of energies, preparing the qubit ensemble in the com-
mon ground state (without interaction with the cavity) ψ(0) =
|0〉1
⊗ |0〉2⊗ . . .⊗ |0〉N , and then “switch on” the driving
term H ′drive(t) for a period τ such that
∫ τ
0
λ(t) ≈ pi. We
assume that during this driving period the cavity and qubit en-
semble are far off-resonance. In other words, the ensemble
evolves under the free evolution of the ensemble Hamiltonian
and the drive, given by H ′drive(t) in Eq. (8), without influence
from the cavity. In principle this implies we also require that
the period τ is shorter than the relaxation time of the qubits.
After this evolution, we record the effective number of ex-
cited qubits M = 〈∑j σ(j)z 〉, switch off the drive, and allow
the system to evolve under both HAE and the superradiant
loss term S[ρ] = κ g2Γ2D[J−]ρ, as determined by the master
equation
ρ˙ = − i
~
[HAE, ρ] + S[ρ] (10)
for a time interval much longer than τsr (recalling τsr =
κ/g2M , where M are the number of qubits excited by the
drive). For this period of evolution we record the cavity
emission intensity by calculating I(t), and from this mea-
surement record the maximum (over time) acquired value
Max[〈J+J−〉]. Under perfect superradiance Max[〈J+J−〉]
should scale as M2.
We repeat this procedure as a function of the driv-
ing strength λ, and plot the recorded maximum intensity
Max[〈J+J−〉] as a function of M , the effective number of
qubits initially excited by the drive. Figure 7 shows this for
a Gaussian drive shape λ(t) = λmax exp
[
− ( t−bσ )2] with
σ =
√
pi/λmax and b = 4σ
√
2 ln 2. This is compared to the
6test case where the actual number of initially excited qubits is
enforced “by hand”, which we refer to as the “discrete M”
case. We now see that the drive prepares a subset of the
qubits in their excited states, thus altering the resultant pho-
tonic emission intensity. This allows us to directly observe the
quadratic scaling of that intensity as a function of the number
of qubits contributing to the collective decay. For the param-
eters chosen here, we see the onset of superradiance when M
becomes greater than about four (see caption of Fig. 7).
In practice, as the number of FQs increases, one can still
see superradiance for much larger values of the inhomogene-
ity, or smaller couplings, than we show here. For exam-
ple, from the simulations described above, we can extrapo-
late the behavior of a device composed of 4300 FQs coupled
with the microwave cavity. Due to the form of the loss term
S[ρ] = g2κ D[J−]ρ, for ωc = ωj , we should have a similar
behavior for the emitted intensity from the cavity, as long as
the value of Mg2/κ is the same. Thus, if we fabricate a de-
vice with g = 5 MHz, δωj = 25 MHz, κ = 1.72 GHz, and
N = 4300, and excite the full ensemble, so that M = N ,
the value of Mg2/κ coincides with that used in our numerical
simulation with 10 excited qubits; and so we should be able
to observe the quadratic scaling of the intensity for this case
as well. This means that one can see superradiance from 4300
FQs even for coupling strengths as small as 5 MHz.
V. CONCLUSIONS
We have shown that, even though large ensembles of FQs
suffer from intrinsic fabrication-induced inhomogeneities,
this can be minimized by tuning the ensemble FQs properties
with an external flux. This opens up the possibility of observ-
ing collective many-body effects, a simple example of which
we give in terms of superradiant emission into a microwave
cavity. We expect that such large ensembles will enable the
investigation of a range of interesting physics in the future,
including criticality [11–15], macroscopic coherence [63, 64],
and spin squeezing [20–23].
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Appendix A: Dispersive superradiance model.
One can also obtain collective superradiant decay due to
interaction with a common cavity by moving to a disper-
sive coupling regime [22], where the cavity and qubits are
off-resonance, without necessarily demanding that the cavity
losses be large. Starting again with Eq. (4) one can apply
the transformation eRHDe−R, where R = gχ (J−a
† − J+a),
χ = ωc − ω¯j , and keeping terms to order (g/χ)2 find that,
Hdisp =
N∑
j=1
(
1
2
ωj + βa
†a)σ(j)z +
β
2
J+J− (A1)
where β = 2g2/χ and again a new loss term arises,
Sdisp = κ g
2
χ2
D[J−]ρ (A2)
One expects in this case that superradiance will occur when
g2Nκ/χ2  δωj , giving an equivalent parameter to assess
the visibility αD = g2Nκ/(χ2δωj). However, this regime is
valid for (g/χ)2  1, which implies Nκ/δωj  (g/χ)2.
As with the adiabatic elimination case, the spin squeezing
term J+J− does not affect the superradiance dynamics sig-
nificantly.
[1] J. Q. You and F. Nori, “Atomic physics and quantum op-
tics using superconducting circuits,” Nature 474, 589 (2011),
arXiv:1202.1923.
[2] J. Clarke and F. K. Wilhelm, “Superconducting quantum bits,”
Nature 453, 1031 (2007).
[3] I. Buluta, S. Ashhab, and F. Nori, “Natural and artificial atoms
for quantum computation,” Rep. Prog. Phys. 74, 104401 (2011).
[4] J. Bylander, S. Gustavsson, F. Yan, F. Yoshihara, K. Harrabi,
G. Fitch, D. G. Cory, Y. Nakamura, J. S. Tsai, and W. D. Oliver,
“Noise spectroscopy through dynamical decoupling with a su-
perconducting flux qubit,” Nature Physics 7, 565–570 (2011).
[5] F. Yoshihara, T. Fuse, S. Ashhab, K. Kakuyanagi, S. Saito, and
K. Semba, “Superconducting qubit-oscillator circuit beyond the
ultrastrong-coupling regime,” arXiv preprint arXiv:1602.00415
(2016).
[6] Zhen Chen, Yimin Wang, Tiefu Li, Lin Tian, Yueyin Qiu,
Kunihiro Inomata, Fumiki Yoshihara, Siyuan Han, Franco
Nori, JS Tsai, et al., “Multi-photon sideband transitions in
an ultrastrongly-coupled circuit quantum electrodynamics sys-
tem,” arXiv preprint arXiv:1602.01584 (2016).
[7] P Forn-Diaz, JJ Garcia-Ripoll, B Peropadre, MA Yurtalan, J-L
Orgiazzi, R Belyansky, CM Wilson, and A Lupascu, “Ultra-
strong coupling of a single artificial atom to an electromagnetic
continuum,” arXiv preprint arXiv:1602.00416 (2016).
[8] K. Kakuyanagi, Y. Matsuzaki, C. Deprez, H. Toida, K. Semba,
H. Yamaguchi, W. J. Munro, and S. Saito, “Observation
of collective coupling between an engineered ensemble of
macroscopic artificial atoms and a superconducting resonator,”
(2016), arXiv:1606.04222.
7[9] I. Buluta and F. Nori, “Quantum simulators,” Science 326, 108–
111 (2009).
[10] I. M. Georgescu, S. Ashhab, and Franco Nori, “Quantum sim-
ulation,” Rev. Mod. Phys. 86, 153–185 (2014).
[11] K. Hepp and E. H. Lieb, “On the superradiant phase transition
for molecules in a quantized radiation field: The dicke maser
model,” Annals of Physics 76, 360–404 (1973).
[12] Y. K. Wang and F. T. Hioe, “Phase transition in the dicke model
of superradiance,” Phys. Rev. A 7, 831 (1973).
[13] C. Emary and T. Brandes, “Chaos and the quantum phase tran-
sition in the dicke model,” Phys. Rev. E 67, 066203 (2003).
[14] N. Lambert, Y. N. Chen, R. Johansson, and F. Nori, “Quantum
chaos and critical behavior on a chip,” Phys. Rev. B 80, 165308
(2009).
[15] N. Lambert, C. Emary, and T. Brandes, “Entanglement and the
phase transition in single-mode superradiance,” Phys. Rev. Lett.
92, 073602 (2004).
[16] A. L. Rakhmanov, A. M. Zagoskin, S. Savel’ev, and F. Nori,
“Quantum metamaterials: Electromagnetic waves in a Joseph-
son qubit line,” Phys. Rev. B 77, 144507 (2008).
[17] C. M. Soukoulis and M. Wegener, “Past achievements and fu-
ture challenges in the development of three-dimensional pho-
tonic metamaterials,” Nature Photonics 5, 523–530 (2011).
[18] N. I. Zheludev and Y. S. Kivshar, “From metamaterials to
metadevices,” Nature Materials 11, 917–924 (2012).
[19] P. Macha, G. Oelsner, J. M. Reiner, M. Marthaler, S. Andre´,
G. Scho¨n, U. Hu¨bner, H. G. Meyer, E. llIichev, and A. V. Usti-
nov, “Implementation of a quantum metamaterial using super-
conducting qubits,” Nature Comms 5 (2014).
[20] M. Kitagawa and M. Ueda, “Squeezed spin states,” Phys. Rev.
A 47, 5138 (1993).
[21] J. Ma, X. Wang, C.P. Sun, and F. Nori, “Quantum spin squeez-
ing,” Physics Reports 509, 89 – 165 (2011).
[22] S. D. Bennett, N. Y. Yao, J. Otterbach, P. Zoller, P. Rabl, and
M. D. Lukin, “Phonon-induced spin-spin interactions in di-
amond nanostructures: application to spin squeezing,” Phys.
Rev. Lett. 110, 156402 (2013).
[23] T. Tanaka, P. Knott, Y. Matsuzaki, S. Dooley, H. Yamaguchi,
W. J. Munro, and S. Saito, “Proposed robust entanglement-
based magnetic field sensor beyond the standard quantum
limit,” Phys. Rev. Lett. 115, 170801 (2015).
[24] A. Imamog˘lu, “Cavity QED based on collective magnetic
dipole coupling: spin ensembles as hybrid two-level systems,”
Phys. Rev. Lett. 102, 083602 (2009).
[25] J. H. Wesenberg, A. Ardavan, G. A. D Briggs, J. J. L. Morton,
R. J. Schoelkopf, D. I. Schuster, and K. Mølmer, “Quantum
computing with an electron spin ensemble,” Phys. Rev. Lett.
103, 70502 (2009).
[26] Z-L. Xiang, S. Ashhab, J. Q. You, and F. Nori, “Hybrid quan-
tum circuits: Superconducting circuits interacting with other
quantum systems,” Rev. Mod. Phys. 85, 623–653 (2013).
[27] D. I. Schuster, A. P. Sears, E. Ginossar, L. DiCarlo, L. Frun-
zio, J. J. L. Morton, H. Wu, G. A. D. Briggs, B. B. Buckley,
D. D. Awschalom, and R. J. Schoelkopf, “High-Cooperativity
Coupling of Electron-Spin Ensembles to Superconducting Cav-
ities,” Phys. Rev. Lett. 105, 140501 (2010).
[28] H. Wu, R. E. George, J. H. Wesenberg, K. Mølmer, D. I. Schus-
ter, R. J. Schoelkopf, K. M. Itoh, A. Ardavan, J. J. L. Morton,
and G. A. D. Briggs, “Storage of multiple coherent microwave
excitations in an electron spin ensemble,” Phys. Rev. Lett. 105,
140503 (2010).
[29] Y. Kubo, F. R. Ong, P. Bertet, D. Vion, V. Jacques, D. Zheng,
A. Dre´au, J. F. Roch, A. Auffeves, F. Jelezko, J. Wrachtrup,
M. F. Barthe, P. Bergonzo, and D. Esteve, “Strong Coupling of
a Spin Ensemble to a Superconducting Resonator,” Phys. Rev.
Lett. 105, 140502 (2010).
[30] R. Amsu¨ss, C. H. Koller, T. No¨bauer, S. Putz, S. Rotter,
K. Sandner, S. Schneider, M. Schrambo¨ck, G. Steinhauser,
H. Ritsch, J. Schmiedmayer, and J. Majer, “Cavity QED with
magnetically coupled collective spin states,” Phys. Rev. Lett.
107, 060502 (2011).
[31] Y. Kubo, C. Grezes, A. Dewes, T. Umeda, J. Isoya, H. Sumiya,
N. Morishita, H. Abe, S. Onoda, T. Ohshima, V. Jacques,
A. Dreau, J. F. Roch, I. Diniz, A. Auffeves, D. Vion, D. Esteve,
and P. Bertet, “Hybrid quantum circuit with a superconducting
qubit coupled to a spin ensemble,” Phys. Rev. Lett. 107, 220501
(2011).
[32] X. Zhu, S. Saito, A. Kemp, K. Kakuyanagi, S. Karimoto,
H. Nakano, W. J. Munro, Y. Tokura, M. S. Everitt, K. Nemoto,
Makoto K., Norikazu M., and K. Semba, “Coherent coupling
of a superconducting flux qubit to an electron spin ensemble in
diamond,” Nature 478, 221–224 (2011).
[33] Y. Kubo, I. Diniz, A. Dewes, V. Jacques, A. Dre´au, J. F. Roch,
A. Auffe`ves, D. Vion, D. Esteve, and P. Bertet, “Storage and
retrieval of a microwave field in a spin ensemble,” Phys. Rev.
A. 85, 012333 (2012).
[34] Y. Kubo, I. Diniz, C. Grezes, T. Umeda, J. Isoya, H. Sumiya,
T. Yamamoto, H. Abe, S. Onoda, T. Ohshima, V. Jacques,
A. Dre´au, J. F. Roch, A. Auffe`ves, D. Vion, D. Esteve, and
P. Bertet, “Electron spin resonance detected by a superconduct-
ing qubit,” Phys. Rev. B 86, 064514 (2012).
[35] D. Marcos, M. Wubs, J. M. Taylor, R. Aguado, M. D. Lukin,
and A. S. Sørensen, “Coupling nitrogen-vacancy centers in di-
amond to superconducting flux qubits,” Phys. Rev. Lett. 105,
210501 (2010).
[36] J. Twamley and S. D. Barrett, “Superconducting cavity bus for
single nitrogen-vacancy defect centers in diamond,” Phys. Rev.
B 81, 241202 (2010).
[37] Y. Matsuzaki and H. Nakano, “Enhanced energy relaxation pro-
cess of a quantum memory coupled to a superconducting qubit,”
Phys. Rev. B 86, 184501 (2012).
[38] S. Saito, X. Zhu, R. Amsu¨ss, Y. Matsuzaki, K. Kakuyanagi,
T. Shimo-Oka, N. Mizuochi, K. Nemoto, W. J. Munro, and
K. Semba, “Towards realizing a quantum memory for a su-
perconducting qubit: Storage and retrieval of quantum states,”
Phys. Rev. Lett. 111, 107008 (2013).
[39] B. Julsgaard, C. Grezes, P. Bertet, and K. Mølmer, “Quantum
memory for microwave photons in an inhomogeneously broad-
ened spin ensemble,” Phys. Rev. Lett. 110, 250503 (2013).
[40] I. Diniz, S. Portolan, R. Ferreira, J. M. Ge´rard, P. Bertet, and
A. Auffeves, “Strongly coupling a cavity to inhomogeneous en-
sembles of emitters: Potential for long-lived solid-state quan-
tum memories,” Phys. Rev. A 84, 063810 (2011).
[41] X. Zhu, Y. Matsuzaki, R. Amsuss, K. Kakuyanagi, T. Shimo-
Oka, N. Mizuochi, K. Nemoto, W. J. Munro, K. Semba, and
S. Saito, “Observation of dark states in a superconductor di-
amond quantum hybrid system,” Nature Comms. 3424, 4524
(2014).
[42] N. Skribanowitz, I. P. Herman, J. C. MacGillivray, and M. S.
Feld, “Observation of Dicke superradiance in optically pumped
HF gas,” Phys. Rev. Lett. 30, 309 (1973).
[43] M. Gross, C. Fabre, P. Pillet, and S. Haroche, “Observation of
near-infrared Dicke superradiance on cascading transitions in
atomic sodium,” Phys. Rev. Lett. 36, 1035 (1976).
[44] J. M. Raimond, P. Goy, M. Gross, C. Fabre, and S. Haroche,
“Collective absorption of blackbody radiation by Rydberg
atoms in a cavity: an experiment on Bose statistics and Brown-
ian motion,” Phys. Rev. Lett. 49, 117 (1982).
8[45] M. Scheibner, T. Schmidt, L. Worschech, A. Forchel,
G. Bacher, T. Passow, and D. Hommel, “Superradiance of
quantum dots,” Nature Physics 3, 106–110 (2007).
[46] Ralf Ro¨hlsberger, Kai Schlage, Balaram Sahoo, Sebastien
Couet, and Rudolf Ru¨ffer, “Collective lamb shift in single-
photon superradiance,” Science 328, 1248–1251 (2010).
[47] R. G. DeVoe and R. G. Brewer, “Observation of superradi-
ant and subradiant spontaneous emission of two trapped ions,”
Phys. Rev. Lett. 76, 2049 (1996).
[48] J. Eschner, Ch. Raab, F. Schmidt-Kaler, and R. Blatt, “Light
interference from single atoms and their mirror images,” Nature
413, 495–498 (2001).
[49] S. Filipp, M. Go¨ppl, J. M. Fink, M. Baur, R. Bianchetti, L. Stef-
fen, and A. Wallraff, “Multimode mediated qubit-qubit cou-
pling and dark-state symmetries in circuit quantum electrody-
namics,” Phys. Rev. A 83, 063827 (2011).
[50] A. F. Van Loo, A. Fedorov, K. Lalumie`re, B. C. Sanders,
A. Blais, and A. Wallraff, “Photon-mediated interactions be-
tween distant artificial atoms,” Science 342, 1494–1496 (2013).
[51] J. A. Mlynek, A. A. Abdumalikov, C. Eichler, and A. Wallraff,
“Observation of Dicke superradiance for two artificial atoms in
a cavity with high decay rate,” Nature Comms. 5 (2014).
[52] D. Meiser and M. J. Holland, “Steady-state superradiance with
alkaline-earth-metal atoms,” Phys. Rev. A 81, 033847 (2010).
[53] James Keaveney, Armen Sargsyan, Ulrich Krohn, Ifan G
Hughes, David Sarkisyan, and Charles S Adams, “Cooperative
lamb shift in an atomic vapor layer of nanometer thickness,”
Physical review letters 108, 173601 (2012).
[54] SJ Roof, KJ Kemp, MD Havey, and IM Sokolov, “Observa-
tion of single-photon superradiance and the cooperative lamb
shift in an extended sample of cold atoms,” arXiv preprint
arXiv:1603.07268 (2016).
[55] T. P. Orlando, J. E. Mooij, L. Tian, C. H. van der Wal, L. S.
Levitov, S. Lloyd, and J. J. Mazo, “Superconducting persistent-
current qubit,” Phys. Rev. B 60, 15398 (1999).
[56] J. R. Johansson, P. D. Nation, and F. Nori, “QuTiP: An
open-source Python framework for the dynamics of open quan-
tum systems,” Computer Physics Communications 183, 1760
(2012), 1110.0573.
[57] J. R. Johansson, P. D. Nation, and F. Nori, “QuTiP 2: A Python
framework for the dynamics of open quantum systems,” Com-
puter Physics Communications 184, 1234 (2013), 1211.6518.
[58] V. V. Temnov and U. Woggon, “Superradiance and subradiance
in an inhomogeneously broadened ensemble of two-level sys-
tems coupled to a low-q cavity,” Phys. Rev. Lett. 95, 243602
(2005).
[59] M. Delanty, S. Rebic, and J. Twamley, “Superradiance and
phase multistability in circuit quantum electrodynamics,” New
Journal of Physics 13, 053032 (2011).
[60] B. Bartels and F. Mintert, “Smooth optimal control with Floquet
theory,” Phys. Rev. A 88, 052315 (2013).
[61] T. No¨bauer, A. Angerer, B. Bartels, M. Trupke, S. Rotter,
J. Schmiedmayer, F. Mintert, and J. Majer, “Smooth opti-
mal quantum control for robust solid-state spin magnetometry,”
Phys. Rev. Lett. 115, 190801 (2015).
[62] F. Yoshihara, Y. Nakamura, F. Yan, S. Gustavsson, J. Bylander,
W. D. Oliver, and J. S. Tsai, “Flux qubit noise spectroscopy us-
ing Rabi oscillations under strong driving conditions,” Physical
Review B 89, 020503 (2014).
[63] G. C. Knee, K. Kakuyanagi, M-C. Yeh, Y. Matsuzaki, H. Toida,
H. Yamaguchi, A. J. Leggett, and W. J. Munro, “A strict exper-
imental test of macroscopic realism in a superconducting flux
qubit,” arXiv: 1601.03728 (2016).
[64] N. Lambert, K. Debnath, A. Frisk Kockum, G. C. Knee, W. J.
Munro, and F. Nori, “Leggett–Garg inequality violations with
a large ensemble of qubits,” Phys. Rev. A 94, 012105 (2016).
